The purpose of this study was to evaluate the effect of remaining dentin thickness (RDT) on the bond strength of current adhesive systems. Third molars were randomly allocated among four groups depending on the adhesive system used: Clearfil SE Bond ONE (SE1), G-Bond PLUS (GB), BeautiBond (BB), and Clearfil Mega Bond (MB). Bonded specimens were stored in water at 37°C for 24 h. Teeth were then sectioned perpendicular to the adhesive interface to produce beams. After measuring RDT of each beam, microtensile bond strength test was carried out using a universal testing machine at a crosshead speed of 1 mm/min. All data were analyzed by linear regression analysis. Bond strengths of one-step self-etch materials used in this study increased with an increase in RDT. In contrast, that of two-step self-etch adhesive system was not affected by RDT.
INTRODUCTION
In 1955, Buonocore applied acid to teeth to render the tooth surface more receptive to adhesives 1) . This work led to major revolutions in the practice of dentistry. Thereafter, adhesives were used with composite resins for research and treatment, leading to the development of innovative restorative dentistry. The simplified adhesive materials gained wide public acceptance and consequently, one-step self-etch adhesives appeared in the dental market.
Unfortunately, one-step self-etch adhesives showed less bonding efficacy with dentin when compared with two-step self-etch adhesives. A study on one-step selfetch adhesives by Van Meerbeek B reported that HEMArich one-step self-etch adhesives showed increased water sorption when in contact with dentin, while their HEMA-free counterparts resulted in phase separation and reduced microtensile bond strength 2) . Therefore, it is of great interest and pertinence to compare the bonding effectiveness of HEMA-rich and HEMA-free one-step self-etch adhesives with sound dentin. In contrast, Clearfil Mega Bond is a two-step adhesive system with a well-documented, stable bonding performance and long shelf life. It is considered to be the gold standard for self-etch adhesives, and is often used as the control to evaluate and compare bonding effectiveness 3) . The composition and structure of enamel and dentin matrices are different. Therefore, adhesion mechanisms for these tissues are also dissimilar. Contrary to the presence of 90-96% mineral in enamel, dentin contains 12% water, 18% organic matrix, and only about 65-70% hydroxyapatite by weight. Moreover, this composition varies at different depths of dentin 4, 5) . The dimension and number of dentinal tubules also change with depth. Tubular diameter increases from 0.8 μm at the dentoenamel junction (DEJ) to 2.5 μm near the pulp chamber. Likewise, the number of tubules increases from about 20,000/mm 2 near the DEJ to 45,000/mm 2 near the pulp chamber 6) . As the composition of dentin changes with depth, bonding effectiveness with adhesives also changes -even when the same bonding material is used. Many investigators have evaluated the bond strengths of different adhesive materials using deep dentin surfaces [7] [8] [9] [10] . In recent years, simplified adhesion steps have rendered bonding procedures less techniquesensitive and more user-friendly. However, bonding performance itself became somewhat compromised.
Intrinsic wetness of dentin and positive pulpal pressure not only tend to decrease the bond strength of adhesive systems, they also lead to incomplete polymerization, edge leakage, and/or phase separation 11, 12) . When Toledano et al. 13) used different adhesive systems to compare the bond strengths of superficial and deep dentin, they found that 10-MDPcontaining, water-based, self-etch adhesives showed better bond performance. Inoue et al. 14) confirmed that the acetone solvent acted positively in deep dentin. In another study, the relationships between bond performance and remaining dentin thickness (RDT) offered interesting contrasts 15) . The objective of this study was to evaluate and compare the microtensile bond strengths (μTBS) of four current adhesive materials with different RDT values.
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MATERIALS AND METHODS
This study employed microtensile bond strength (μTBS) testing and scanning electron microscope (SEM) analysis. Four kinds of adhesive materials (Table 1) were used. Twenty human third molars were randomly divided into four groups. The relationship between RDT and μTBS was evaluated, and the differences among adhesive systems were discussed.
Specimen preparation
Twenty non-carious human third molars were collected after extraction and stored immediately in 0.5% chloramine-T. They were randomly divided into four groups, where three groups used the following onestep self-etch adhesive systems: SE1 (Clearfil SE Bond ONE, Kuraray Noritake Dental Inc., Okayama, Japan), GB (G-Bond PLUS, GC Corp., Tokyo, Japan), and BB (BeautiBond, Shofu Inc., Kyoto, Japan). The remaining group used a two-step self-etch adhesive system, MB (Clearfil Mega Bond, Kuraray Noritake Dental Inc., Okayama, Japan). Each tooth was sectioned perpendicular to its longitudinal axis using a low-speed diamond saw (IsoMet 1000, Buehler, Lake Bluff, IL, USA). After crown segment removal, 600-grit silicon carbide paper was used to polish the dentin surface under running water for 60 s. Each adhesive was used as per the respective manufacturer's instructions, to be followed by resin composite (Clearfil AP-X, Kuraray Noritake Dental Inc., Tokyo, Japan) build-up. After storage in 37°C water for 24 h, resin-bonded teeth were sectioned perpendicular to the adhesive interface to produce beams, using the IsoMet diamond saw under cool water lubrication. A total of 15 beams (cross-sectional area: 1 mm×1 mm) per group were tested.
RDT measurement
Remaining dentin thickness (RDT) was measured according to the procedures described in previous studies 7, 9, 16) . It was the aggregate average of the vertical distances of all edge midpoints of tooth beams from dentin surface to pulp chamber, as measured using a digital micrometer (Absolute Digimatic, Mitutoyo, Kanagawa, Japan) with 10-μm accuracy. In addition, RDT of every face of the beams were observed by a glass magnifier (×20 magnification; Magnifier Light, Asone, Osaka, Japan).
μTBS test
Each specimen was attached to the jig with a cyanoacrylate adhesive (Model Repair II Pink, DentsplySankin, Tokyo, Japan). μTBS test was carried out at a crosshead speed of 1 mm/min (EZ Test, Shimadzu Co., Kyoto, Japan) until failure occurred. Microtensile bond strength was expressed in MPa, and all data were statistically analyzed by linear regression analysis using SPSS software (p<0.05).
Failure mode analysis
Failure modes of the specimens were observed after μTBS test. Observation was carried out using the glass magnifier (×20 magnification; Magnifier Light, Asone, Osaka, Japan). Failure modes of specimens were classified into the following three categories: Type 1: Adhesive failure (fracture within adhesive layer); Type 2: Mixed failure (fracture within adhesive layer and cohesive failure within dentin and/or resin); Type 3: Cohesive failure (fracture within dentin or composite resin only).
Morphological observations by FE-SEM 1. Observation of dentin surfaces after μTBS testing
The two halves of each fractured specimen were visually inspected using an optical microscope. After specimens were coated with Pt-Pd using an ion sputter (E-1030, Hitachi, Tokyo, Japan), they were observed using a field emission scanning electron microscope (FE-SEM; S-4000, Hitachi, Tokyo, Japan) at an accelerating voltage of 10kV.
Observation of resin-dentin interfaces
Morphology of resin-dentin interfaces was also observed using FE-SEM. Using the IsoMet saw, the newly prepared resin-bonded specimens were sectioned perpendicularly to the adhesive interface. Two slabs of 2 mm thickness were prepared from each adhesive system. Slab surfaces were sequentially polished with silicon carbide papers (600-, 800-, and 1000-grit respectively) under running water. They were also polished with diamond pastes (6-, 3-, and 1-μm respectively; DP-Paste, Struers, Denmark). After diamond paste polishing, specimens were cleaned using an ultrasonic device. Then, the specimens were immersed in 1 M hydrochloric acid for 30 s and 5% sodium hypochlorite for 5 min, followed by rinsing with water. After drying, the resin-dentin interfaces were observed by FE-SEM after coating with Pt-Pd. Figure 1 shows the relationship between μTBS and RDT of one-step self-etch system SE1 (Clearfil SE Bond ONE). μTBS increased with RDT. When RDT was ca. 1 mm, μTBS was about 10 MPa. When RDT increased to 4 mm, μTBS was raised to 60 MPa. GB and BB also showed a similar tendency (Figs. 2 and 3 respectively) , where the trendline of regression analysis increased with RDT (p<0.05). In contrast, two-step self-etch adhesive system MB did not indicate clear RDT dependence (Fig. 4) . Table 2 shows the mean bond strengths of the four adhesive materials. The two-step self-etch MB system showed the highest bond strength (p<0.05), which was significantly higher than the other one-step self-etch systems. Table 2 shows the failure mode results as revealed by FE-SEM and expressed in percentage (%). Among the one-step self-etch adhesives, SE1 and GB exhibited the highest incidences of cohesive failure (Type 3) at 67% and 77% respectively. For BB, adhesive failure (Type 1) was the predominant failure mode (86%). For MB, cohesive failure (Type 3) was the highest failure mode (57%). Figures 5(a)-(d) and 6(a)-(d) show the morphological features of deep and superficial dentin of SE1/GB/BB/ there were neither exposed dentinal tubules nor bubbles in the adhesive layer. Figures 7 to 10 (top: deep dentin; bottom: superficial dentin) show the morphological features of resin-dentin interfaces of SE1, GB, BB, and MB at 10 kV accelerating voltage and ×3,000 magnification. In Figs. 7 to 9 , unequal-sized bubbles were easily observed at deep and superficial dentin layers; but in Fig. 10 , there were no bubbles in the adhesive layer. Figures 8 and 10 also reveal complete and continuous resin tags.
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DISCUSSION
Bonding efficacy with superficial dentin is generally better than with deep dentin 7, 8, 11, 16, 17) , particularly when one-step self-etch systems are used 7, 8) . Clinicians also prefer one-step self-etch systems over other systems because of these advantages 17, 18) : easy to use, reduced clinical time, and reduced technique sensitivity. However, remaining dentin thickness remains a key factor to each adhesive's bonding performance.
In this study, SE1 was the only one-step system which contained the HEMA monomer. Some researchers reported that HEMA was an excellent adhesion-promoting monomer which enhanced dentin bonding 19, 20) . By virtue of its low viscosity and high hydrophilicity, HEMA helps hydrophobic monomers, such as 10-MDP and Bis-GMA, to penetrate the demineralized dentin matrix and assist in the formation of a high-quality hybrid layer to ensure optimum bond strength 21) . The hydrophilic efficacy of HEMA is evidenced by the absence or the presence of at most a few large-sized blisters, as observed during the FE-SEM analysis of fractured surfaces (Figs. 5(a) and 6(a) ).
Unfortunately, these droplets were a result of adhesive phase separation in superficial and deep dentin (Fig. 7) . In addition, intrinsic dentin wetness increases with depth. At deep dentin, water sorption becomes aggravated because incompletely polymerized adhesive is not able to block the osmotic effect. Besides, decreased viscosity of resin can increase the degree of oxygen diffusion and decrease the degree of monomer conversion at the uppermost subsurface 22) . Due to increased polymerization inhibition by oxygen, polymerization in deep dentin might be impaired -which in turn resulted in a weak bond and formation of blisters at the top of adhesive layer (Fig. 7) .
GB and BB were also one-step self-etch systems, but which were HEMA-free and acetone-based. They were favorably reported to have low allergenic effect on pulp, stability and long-term durability in terms of dentin bonding performance 23) . However, they presented low μTBS in deep dentin surface; the main reason would be due to the presence of blisters in the adhesive layer. Inadequate air-drying will not completely evaporate the solvent, resulting in residual water and solvent to remain after air-drying 24) , which in turn led to the formation of blisters in the adhesive layer (Figs. 5(b, c) and 6(b, c) ).
Residual water not only causes hydrolytic degradation of resin components in the hybrid layer 25, 26) with inadequate bonding resin penetration into dentin, but also plasticizes the resin matrix and decreases the mechanical properties of the polymer 26, 27) . Furthermore, HEMA-free GB and BB systems contained a hydrophobic monomer mixture, with which residual water could cause phase separation and blister formation 12) (Figs. 5(b, c) and 6(b, c)). Intrinsic wetness of deep dentin 17) also increased the degree of water separation from other adhesive ingredients when acetone started to evaporate, and the solvent-monomer balance became more distorted 12) . Consequently, the blisters became a weak point of GB and BB and adversely affected bond strength (Figs. 8 and 9) .
As tested by Van Meerbeek et al. 2) , BB (pH 2.4) was classified as an ultra-mild self-etch adhesive whereas GB (pH 1.5) was classified as an intermediately strong self-etch adhesive. Resin infiltration and tag formation are arduous in slightly demineralized dentin, especially in wet circumstances as frequently experienced in deep dentin. This might be responsible for BB's inferior bond performance (Fig. 9) , and thus explain the poor bond strength of HEMA-free all-in-one systems when RDT is low.
All the one-step self-etch systems used in this study -SE1, GB, and BB-contained water, which would interact with acidic monomers to perform dentin demineralization. This process could induce the residual water which was not completely removed during airdrying 24) . In general, the etching efficiency of acidic monomers decreases with depth because they are buffered by the substrate's mineral content 2) . Morphologically, the mineral content of dentin decreases with increasing depth 6, [28] [29] [30] . In terms of acidic monomers, SE1 contained 10-MDP while GB and BB contained 4-MET. Yoshida et al. reported that these monomers were capable of forming strong ionic bonds with calcium 31) . Two-step self-etch systems like MB have separate demineralization (with self-etching primers) and bonding steps. They do not have suboptimal curing of the hydrophilic monomer moieties blended into the formulation 22, 32) . In addition, the presence of air-blowing in bonding step enhances solvent/water evaporation as well as resin infiltration and polymerization 22) . According to FE-SEM observation of the MB's fractured surface, no blisters were observed in the adhesive layer. This meant that phase separation did not occur in the adhesive layer, and neither did liquid osmotic effect from the dentinal tubules. Hydrophobic associations of relatively higher viscosity could reduce polymerization inhibition by oxygen, thereby increasing conversion rate and resin polymerization 33) . Fracture modes seen in Figs. 5d and 6d suggested that two-step systems yielded more favorable results when compared with one-step systems -even at deep dentin layers.
CONCLUSION
The bond strength of one-step self-etch adhesive materials used in this study increased with RDT, whereas that of two-step self-etch material was not affected by RDT. Therefore, two-step self-etch adhesive (MB) produced higher bonding performance than onestep systems such as GB, SE1, and BB. The former provided a stable bonding performance for different RDT. Further studies are necessary to reveal the relationship between RDT and bond strength of restorations in longterm duration.
